Introduction
The control problems for delayed systems have attention over the last few decades since the time-delay is frequently a source of instability and encountered in various engineering systems. Extensive research has already been done in the conventional control to find the solutions [1] [2] . However, for fuzzy control systems, there are few studies on the stabilization problem for especially systems with time-delay [3] [4] . A linear controller like PID controllers has a short time-delay in calculating the output since its algorithm is so simple. However, in the case of a complex algorithm like fuzzy or neural networks, a considerable time-delay can occur because so many calculations are needed to get the output. Nevertheless, the most conventional discrete time fuzzy controllers are the ideal controllers in which the time-delay is not considered. Recently, to deal with the time-delay, the design methods of the fuzzy control systems with higher order have been proposed in [5] . However the structure of the control system is very complex because the design of higher order fuzzy rule-base is highly difficult. In this chapter, the digital fuzzy control system considering a time delay is developed and its stability analysis and design method are proposed. We use the discrete TakagiSugeno(TS) fuzzy model and parallel distributed compensation(PDC) conception for the controller [6] [7] [8] [9] . And we follow the linear matrix inequality(LMI) approach to formulate and solve the problem of stabilization for the fuzzy controlled systems with time-delay. The analysis and the design of the discrete time fuzzy control systems by LMI theory are considered in [10] [11] [12] . If the system has a considerable time-delay the analysis and the design of the controller are very difficult since the time-delay makes the output of the controller not synchronized with the sampling time. We propose the PDC-type fuzzy feedback controller whose output is delayed with unit sampling period and predicted using current states and the control input to the plant at previous sampling time. The analysis and the design of the controller are very easy because the output of the proposed controller is synchronized with the sampling time. Therefore, the proposed control system can be designed using the conventional methods for stabilizing the discrete time fuzzy systems and the feedback gains of the controller can be obtained using the concept of the LMI feasibility problem. 
x denotes the state vector of the fuzzy system, r is the number of the IF-THEN rules, and M ij is fuzzy set. If the state x(k) is given, the output of the fuzzy system expressed as the fuzzy rules of Eq.
(1) can be inferred as follows.
A sufficient condition for ensuring the stability of the fuzzy system(2) is given in Theorem 1. Theorem 1: The equilibrium point for the discrete time fuzzy system (2) is asymptotically stable in the large if there exists a common positive definite matrix P satisfying the following inequalities.
Proof: The proof can be given in [7] . In the discrete time fuzzy system with control input to the plant, the dynamic properties of each subspace can be expressed as the following fuzzy IF-THEN rules. [ ] 
is given the output of the fuzzy system (4) can be obtained as follows.
where
, and
In PDC, the fuzzy controller is designed distributively according to the corresponding rule of the plant [9] . Therefore, the PDC for the plant (4) can be expressed as follows.
The fuzzy controller output of Eq. (6) can be inferred as follows. 
Applying Theorem 1 to analyze the stability of the discrete time fuzzy system (9), the stability condition of Theorem 2 can be obtained. Theorem 2 : The equilibrium point of the closed loop discrete time fuzzy system (9) is asymptotically stable in the large if there exists a common positive definite matrix P which satisfies the following inequalities for all i and j except the set
Proof : The proof can be given in [7] . If (5) is satisfied, the closed loop system (8) can be obtained as follows.
Hence, Theorem 1 can be applied to the stability analysis of the closed loop system (11).
LMI approach for fuzzy system design
To prove the stability of the discrete time fuzzy control system by Theorem 1 and Theorem 2, the common positive definite matrix P must be solved. LMI theory can be applied to solving P [13] . LMI theory is one of the numerical optimization techniques. Many of the control problems can be transformed into LMI problems and the recently developed Interior-point method can be applied to solving numerically the optimal solution of these LMI problems [14] . Definition 1: Linear matrix inequility can be defined as follows. 
If the design object of a controller is to guarantee the stability of the closed loop system (5), the design of the PDC fuzzy controller (7) is equivalent to solving the following LMI feasibility problem using Schur complements [13] . , as follows.
, , and
is satisfied, the design of the PDC fuzzy controller (7) is equivalent to solving the following LMI feasibility problem. LMI feasibility problem equivalent to the PDC design problem (Case II) : The problem of finding
which satisfy the following equations. 
Digital fuzzy control system considering time-delay
In a real control system, a considerable time-delay can occur due to a sensor and a controller. Let τ be defined as the sum of all this time-delay. In the case of the real system, the ideal fuzzy controller of Eq. (6) can be described as follows due to the time-delay.
Because the time-delay makes the output of controller not synchronized with the sampling time, Theorem 1 can not be applied to this system. Therefore the analysis and the design of the controller are very difficult. In this chapter, DFC which has the following fuzzy rules is proposed to consider the time-delay of the fuzzy plant (4).
The output of DFC (14) is inferred as follows.
The general timing diagram of fuzzy control loop is shown in Fig. 1 
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Fig. 2. Output Timing of the Controllers (three cases)
Combining the fuzzy plant (5) with the DFC (15), the closed loop system is given as follows. Hence, the stability condition of the closed loop system (17) becomes the same as the sufficient condition of Theorem 1 and the stability can be determined by solving LMI feasibility problem about the stability condition of Theorem 1. Also, the design problem of the DFC guaranteeing the stability of the closed loop system can be transformed into LMI feasibility problem. To do this, the design problem of the DFC is transformed into the design problem of the PDC fuzzy controller.
PDC design problem equivalent to DFC design problem:
The problem of designing the PDC fuzzy controller Therefore, using the same notation in section 3, the design problem of the DFC can be equivalent to the following LMI feasibility problem.
LMI feasibility problem equivalent to DFC design problem:
The 
Backing up control of computer-simulated truck-trailer
We have shown an analysis technique of the proposed DFC under the condition that timedelay exists in section 4. Some papers have reported that backing up control of a computersimulated truck-trailer could be realized by fuzzy control [9] [11][15] [16] . However, these studies have not analyzed the time-delay effect to the control system. In this section, we apply the controller to backing up control of a truck-trailer system with time-delay.
Models of a truck-trailer
M. Tokunaga derived the following model about the truck-trailer system [16] . Fig. 3 shows the schematic diagram of this system. 
Desired Trajectory 0 
in the truck-trailer model (19) and expressed the plant as two following fuzzy rules [9] .
Fig . 4 shows the membership function of the premise part in the fuzzy system (20).
Fig. 4. Membership function

Discrete time fuzzy controller applied to the system with no time-delay
In this subsection, backing up control of a truck-trailer is simulated by the conventional discrete time fuzzy controller under the assumption that no time-delay exists.
To solve the backward parking problem of Eq. (20), the PDC fuzzy controller can be designed as follows. Ricatti equation for linear discrete systems was used to determine these feedback gains. The detailed derivation of these feedback gains was given in [9] . Substituting Eq. (21) into Eq. (20) yields the following closed loop system due to 
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Since there exists the common positive matrix P which satisfies the stability sufficient condition (3), the closed loop system is asymptotically stable in the large. That is, the backward parking can be accomplished for all initial contitions.
Common positive definite matrix :
P
Two initial conditions used for the simulations of the truck-trailer system are given in Table 1 . 
Discrete time fuzzy controller applied to the system with time-delay
In many cases, vision sensor is generally needed to measure the state ) (k x of the trucktrailer system [17] . The time-delay can be made by the vision sensor in the transferring of image and the image processing. Also, it can be made by the digital hardware in the calculation of the fuzzy algorithm and by the actutor in adjusting the steering angle. Let τ be defined as the sum of all this time-delay. In the case of the real system, the ideal fuzzy controller of Eq. (21) can be described as follows due to the time-delay. 
The simulation is executed in the case that the time-dealy τ is a half of the sampling time ( τ =1 [sec]). Fig. 6 (a) and (b) show that the truck-trailer system is oscillating and the fuzzy controller can not accomplish the backing up control effectively.
Proposed digital fuzzy controller applied to the system with time-delay
In this subsection, we design the DFC considering time-delay. Following the design technique of DFC in section 4, we can construct the DFC for the backing up control problem as follows.
Combining Eq. (20) with Eq. (24), the augmented closed loop system is given as follows. The matrices X and 2 1 , M M in LMI's are determined using a convex optimization technique offered by [18] . 
The feedback gains and a common positive definite matrix, P are determined by the relationship (18) as follows. 
Therefore, the closed loop system is asymptotically stable in the large and the control gain matrices are given as follows by PDC design problem equivalent to DFC design problem. Fig. 7 (a) and (b) show the simulation results of the designed DFC. As can be seen in these figures, the backward parking is accomplished successfully for CASE I and CASE II although the considerable time-delay(
5869
1 = τ [sec]) exists.
Conclusions
In this chapter, we have developed a DFC framework for a class of systems with time-delay. Because the proposed controller was syncronized with the sampling time delayed with unit sampling period and predicted, the analysis and the design problem considering time-delay could be very easy. Convex optimization technique based on LMI has been utilized to solve the problem of finding stable feedback gains and a common Lyapunov function. Therefore the stability of the system was guaranteed in the existence of time-delay and the real-time control processing could be possible. To show the effectiveness and feasibility of the proposed controller we have developed a digital fuzzy control system for backing up a computer-simulated truck-trailer with time-delay. Through the simulations, we have shown that the proposed DFC could achieve backing up control of a truck-trailer successfully although a considerable time-delay existed. While several books are available today that address the mathematical and philosophical foundations of fuzzy logic, none, unfortunately, provides the practicing knowledge engineer, system analyst, and project manager with specific, practical information about fuzzy system modeling. Those few books that include applications and case studies concentrate almost exclusively on engineering problems: pendulum balancing, truck backeruppers, cement kilns, antilock braking systems, image pattern recognition, and digital signal processing. Yet the application of fuzzy logic to engineering problems represents only a fraction of its real potential. As a method of encoding and using human knowledge in a form that is very close to the way experts think about difficult, complex problems, fuzzy systems provide the facilities necessary to break through the computational bottlenecks associated with traditional decision support and expert systems. Additionally, fuzzy systems provide a rich and robust method of building systems that include multiple conflicting, cooperating, and collaborating experts (a capability that generally eludes not only symbolic expert system users but analysts who have turned to such related technologies as neural networks and genetic algorithms). Yet the application of fuzzy logic in the areas of decision support, medical systems, database analysis and mining has been largely ignored by both the commercial vendors of decision support products and the knowledge engineers who use them.
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